High-temperature oxidation tests were conducted with two groups of Ni-based superalloys in order to elucidate the Re effect on oxidation resistance. One group of alloys was the Ni-8Cr-2Ti-10Al-Re system, characterized by 10 mol% Al content. The other group of alloys was the Ni-8Cr-2Ti-15Al-Re system, characterized by 15 mol% Al content. The alloy compositions were chosen with the aid of the d-electrons concept, so that any undesirable phases would not appear in the microstructure. Both cyclic and isothermal oxidation tests were carried out at 1 373 K for a total time of 720 ks. The oxidation resistance decreased clearly with increasing Re content in the 10-Al series alloys, but did not in the 15-Al series alloys. The alloys having a Re/Al ratio (mol%) up to 0.1 exhibited very small mass change by oxidation, so the Re/Al ratio was indeed a good indication for the design of superalloys having a good oxidation resistance.
Introduction
Ni-based superalloys are widely used for the components of industrial gas turbines and aero engines, which are exposed to the severe service conditions of highly thermal and mechanical loadings. Despite the recent innovation of coating technology, intrinsic resistance of the superalloys to high-temperature oxidation and hot corrosion has to be assured in order to prevent the blade of gas turbines from degrading in the case of cracking or spalling of the protective coating materials. Recently, a demand for the improving hot corrosion resistance of superalloys has been somewhat reduced due to the use of very clean natural gas. On the other hand, oxidation resistance needs to be improved in response to the general increase in the service temperature.
The oxidation resistance of superalloys relies on the protectiveness of Al 2 O 3 -scales formed on their surfaces during service.
1) The advanced Ni-based superalloys are characterized by higher Re content; second generation single crystal (SC) superalloys contain about 3 mass% (about 1 mol%) Re [2] [3] [4] and third generation SC superalloys contain 5 to 6 mass% (about 1.7 to 2 mol%) Re. [4] [5] [6] So, influence of the Re addition on the oxidation resistance of superalloys raises great concern. Recently we have obtained an indication that Re has a harmful effect on the oxidation resistance of Nibased superalloys at high temperatures, although the variety of the alloy composition is rather limited. 7) In order to make it more clear, the Re effect on the oxidation resistance has been investigated in this study using the Ni-based superalloys composed of Ni, Cr, Ti, Al and Re, which were relatively simple systems varying the Re content in a systematic way.
Experimental Procedure

Alloy Composition
The chemical compositions of the alloys used in this study are shown in Table 1 . There are two groups. One group of the experimental alloys is expressed as Ni-8Cr-2Ti-10Al-Re in mol% (hereafter referred to as A-group), which is characterized by 10 mol% Al content. The other group is expressed as Ni-8Cr-2Ti-15Al-Re in mol% (hereafter referred to as B-group), which is characterized by 15 mol% Al content. The Re content ranges from 0 to 2 mol% (corresponding to approximately 6 mass%) with varying 0.25 % step in the A-group but 0.5 or 1.0 % step in the B-group. The A-group alloys containing 10 mol% Al are expected to form both Al 2 O 3 and Cr 2 O 3 , whereas the Bgroup alloys containing 15 mol% Al are expected to form Al 2 O 3 preferentially on the alloy surface during high temperature oxidation.
Following the d-electrons concept, 8, 9) the compositional averages of the two d-electrons parameters, Md -and Bo -, were calculated since these are known to be related closely to the phase stability as well as the high temperature strength of nickel-based superalloys. 10) The criteria of the Md -and the Bo -values for the phase stability and the strength are Md -Յ0.99 and Bo -Յ0.68. 10) All the alloys listed in Table 1 were confirmed to satisfy these criteria.
Alloy Preparation
Button ingots of the experimental alloys were prepared by arc-melting under the purified Ar gas atmosphere. Each button ingot was cut into pieces and remelted several times in order to get a compositional homogeneity. The ingots then underwent a solution heat treatment followed by aging heat treatments. The heat treatment conditions were determined on the basis of the experimental data obtained from the differential thermal analysis (DTA). As shown in Table  2 , two-steps aging processes were adopted in this experiment.
Microstructural Observation
The heat-treated ingots were cut into small specimens. Those specimens were mounted with a conductive filled phenolic mounting compound and the specimen surfaces were polished with abrasive papers and then with alumina powders down to 0.05 mm mesh. Polished surfaces were etched in the 1 : 1 volume% HNO 3 and HCl solution for about 30 sec. The microstructural observation of the etched specimens of all the alloys was made using a scanning electron microscopy (SEM). The volume fraction of the gЈ phase in each alloy was measured by analyzing the SEM image in a conventional way.
Oxidation Tests
The specimens for oxidation tests were prepared by cutting each alloy ingot into 10ϫ5ϫ1 mm size, and then the surfaces were polished mechanically using emery papers down to # 600 grits. Two kinds of oxidation tests were employed in this study. One was the cyclic oxidation test, in which the specimen was kept in a furnace at 1 373 K for 72 ks followed by air cooling in each cycle. This thermal cycle was repeated for 10 times, so the total exposure time at 1 373 K was 720 ks. The other was the isothermal oxidation test, in which the specimen was set in a furnace for the exposure to static air at 1 373 K for 720 ks followed by air cooling. This test temperature is much lower than the solution-heat-treatment temperature and is equal to the firststep-aging temperature (see Table 2 ), and therefore it is considered that the volume fraction and shape of the gЈ phase scarcely vary.
The mass change of the specimen before and after the tests was measured and used as a measure of the oxidation resistance for each alloy. The cyclic oxidation is a sever test compared with the isothermal oxidation test, if the test temperature is the same. In the case of nickel based superalloys which show excellent oxidation resistance, cyclic oxidation tests are used commonly in order to evaluate the oxidation resistance of the alloys. 11, 12) 
Observation of Oxidation Products
After the two kinds of the oxidation tests were completed, both sides of the oxidized surface (10ϫ5 mm) were covered for each specimen by a Ni sheet so that the oxidized layer would not tear away during the subsequent polishing. In order to observe both sides of section, the plated specimen was set up perpendicularly on the horizontal basal plane of a mounting instrument by using a clip (BUEHLER SAMPL-KLIP NO. 20-4000-100), and then it was mounted with a conductive filled phenolic mounting compound. The side of the mounted specimen, which was in contact with the horizontal basal plane of the mounting instrument, was polished with abrasive papers, and then with alumina powders down to 0.05 mm mesh. A carbon film was coated on the polished surface (10ϫ1 mm) using a SC-701C type carbon coater in order to ensure the electric conductivity. Subsequently, the cross-section of the oxidized layer was observed using a SEM operated at 20 kV, and then the EDX analysis was performed in order to get the characteristic Xray images of the constituents from the oxidized layer.
Employing the SEM, the oxidation products were observed on the section of the specimen set in the direction perpendicular to the surface (10ϫ5 mm) without any polishing treatment. The oxidation products were identified by the EDX analysis and also by the conventional X-ray diffraction technique.
Results
Microstructure
The representative microstructures of A-group alloys and B-group alloys are shown in Fig. 1 . Here, micrographs shown in (a) and (b) were taken after the solution heat treatment, and those shown in (c) and (d) were taken after the aging heat treatment. Despite the same etching treatment used in these two alloys, their appearance is quite different from each other. Namely, the gЈ phase stands out from the g phase matrix in B-1 alloy and vice versa in A-5 alloy. This is simply due to the difference in the chemical composition between these two alloys. The A-5 alloy nominally contains 1 mol% (3.3 mass%) Re and 10 mol% (4.8 mass%) Al, whereas the B-1 alloy contains no Re and 15 mol% (7.6 mass%) Al. Here, Al is the gЈ stabilizing element and Re is the g stabilizing element, so the gЈ phase is more prominent in the B-1 alloy than in the A-5 alloy. Regardless of such a difference in the chemical compositions between them, no eutectic phase was observed in the microstructure shown in (a) and (b). Also, the gЈ phase was distributed homogeneously in the g-phase matrix as shown in (c) and (d). Similar morphology was observed in the other alloys. The measured volume fraction of the gЈ phase are listed in Table 3 . It decreases gradually with increasing Re content in both the alloy groups, although there is a little scatter in the measured values. Figure 2 shows the results of cyclic oxidation tests performed at 1 373 K for 10 cycles. As described earlier, the oxidation time in each cycle is 72 ks. The mass change is shown as a function of time in (a) for the A-group alloys and in (b) for B-group alloys. For all the A-group alloys, the mass loss increased gradually with time, although even a little mass gain was observed at the first cycle for A-1 to A-7 alloys. The individual alloys showed a similar trend of losing mass for a definite period of exposure time i.e., a definite number of cycles. For example, the mass loss at any number of cycles was the smallest in the A-1 alloy and the largest in the A-8 alloy among the A-group alloys. In the Bgroup, no significant mass change was observed up to 360 ks (5 cycles) for all the alloys. Namely, a very little mass gain was seen up to 288 ks (4 cycles) and after 360 ks (5 cycles) most of the alloys tended to start losing mass. When compared the two groups with each other, the mass change after 720 ks was much larger in the A-group alloys than in the B-group alloys. For the A-group alloys, the minimum and maximum mass changes observed after 720 ks were 94ϫ10 Ϫ3 kg · m Ϫ2 and 197ϫ10 Ϫ3 kg · m Ϫ2 respectively, whereas for the B-group alloys they were 13ϫ10 Ϫ3 kg · m and 22ϫ10 Ϫ3 kg · m Ϫ2 respectively.
Oxidation Resistance 3.2.1. Cyclic Oxidation Resistance
Cyclic Oxidation Products
The SEM image and the corresponding characteristic Xray images were taken from the cross-section of the specimens after the cyclic oxidation test for 720 ks. The typical results are shown in Fig. 3(a) for the Re-free A-1 alloy and in (b) for the A-9 alloy containing the highest Re content (2 mol% or 6.5 mass%). In the A-1 alloy, about 17 mm thick oxidized layer was composed of dense NiO in the outer side and dense Al 2 O 3 in the inner side. The presence of these oxides on the surface was identified by the X-ray diffraction as explained later. Neither Ti nor Cr concentrated layer was seen in the oxidized layer. On the other hand, the oxidized layer of A-9 alloy shown in Fig. 3(b) was about 100 mm thick and it was composed of dense NiO in the outer side and a mixture of porous Cr 2 O 3 , Al 2 O 3 and TiO 2 in the inner side. For the other A-group alloys, the oxidized layer became thicker and porous with increasing Re content in them. Here, in the X-ray images, any Re enriched layer was not observed in oxidation products formed on the Re containing alloys. This is probably due to a high vapor pressure of Re-oxide such as Re 2 O 7 .
13) Similar oxidation products were observed in the B-group alloys, although the Re effect is not so clear as in the A-group alloys. This is due to higher Al content in the B-group alloys than in the A-group alloys, i.e., Al 2 O 3 is formed easily in the B-group alloys as will be shown in Fig. 6 . Similar SEM and X-ray images were taken from the specimen surface after the cyclic oxidation test for 720 ks. The results are shown in Fig. 4(a) for the A-1 alloy and in (b) for the A-9 alloy. There were localized distributions of Al, Ti, Cr and Ni in the A-1 alloy. For example, the bright area of Al signal corresponds to the dark area in the SEM image. Such morphology was also observed in the A-9 alloy shown in Fig. 4(b) , but the area fraction of each element was much different between the A-1 and the A-9 alloys. The area of the Al, Ti and Cr-rich region increased but the area of the Ni-rich region decreased in the A-9 alloy, as compared to the respective area in the A-1 alloy. As shown in Fig. 3 , NiO layer is formed on Al 2 O 3 layer, and hence the alloy having a small fraction of the Al-rich region indicates a low degree of the exfoliation of NiO. This corresponds to the case of A-1 alloy showing high oxidation resistance. The oxidized surfaces of the other A-group alloys exhibited the similar morphology but the area fraction was varied depending on the Re content in them.
Oxidation Products after Isothermal Oxidation Test
After the isothermal oxidation test at 720 ks, SEM micrographs and the corresponding characteristic X-ray images were taken from the surfaces of oxidized specimens. The results are shown in Fig. 5(a) for the A-1 alloy, (b) for the A-9 alloy and in Fig. 6(a) for the B-1 alloy, (b) for the B-4 alloy. In the A-1 alloy, the bright area of the SEM image showed the higher concentration in Ni and the dark area showed the higher concentration in Al, Ti and Cr. Similar observation was obtained in the A-9 alloy as shown in Fig.  5(b) , but the area fraction of the elements was different between the A-1 and the A-9 alloys. The SEM and the corresponding characteristic X-ray images of the other A-group alloys had a similar character in the morphology, but the area fraction was varied depending on the Re content in them. In contrast to the A-group alloys, a perfect matching of oxygen image was observed only with the Al image rather than Cr, Ni or Ti images in the B-group alloys as shown in Fig. 6 . This result indicates that Al 2 O 3 preferentially formed on the surface during high temperature oxidation of the B-group alloys irrespective of the Re content.
Discussion
Effect of Re on Cyclic Oxidation Resistance
As shown in Fig. 2(a) , the minimum mass loss was observed in the Re-free A-1 alloy and the mass loss increased with increasing Re content in the alloy, indicating that Re is an element to deteriorate the oxidation resistance. In Fig. 7 the mass changes are shown as a function of Re content for the cyclic oxidation test of both the A-and the B-group alloys. The variation of the mass change for the B-group alloys was limited to a given narrow zone regardless of Re content. The range of the mass change was much wider in the A-group alloys than in the B-group alloys. Thus a harm- ful effect of Re on the oxidation resistance appeared clearly in the A-group alloys. The difference in the chemical compositions between the A-group and the B-group alloys is only the Al content. So, the smaller mass changes of the B-group alloys than the Agroup alloys are due to their higher Al content. Thus it is seen that the deterioration of oxidation resistance due to the Re addition in the 10-Al series alloys (A-group) can be overcome effectively by increasing Al content in the alloys as long as the alloy phase-stability is kept good. To optimize the Re and Al compositions in superalloys for improving the oxidation resistance, a Re/Al ratio (mol%) was evaluated for a variety of alloys. In Fig. 8 , the mass loss is plotted as a function of the Re/Al ratio of all the A-and Bgroup alloys and some other Ni-based alloys listed in Table  4 . In spite of the variety of alloying elements in the table, the mass change was found to be small in the alloys having the Re/Al ratio up to 0.1. As the ratio increased further from 0.1, the mass change became larger. Thus Re is harmful for the oxidation resistance but its effect is dependent on the Al content. Re is more harmful in the case when the Re/Al ratio is greater than 0.1. Some amount of Re can be introduced into the alloy without hampering the oxidation resistance to any notable extent. However, the total amount of ReϩAl is limited by the criteria for Md -Յ0.99, 10) because these two elements have high Md values, so their excess addition leads to the formation of undesirable phases in the alloy.
Possible Mechanism for Re Effects on Cyclic
Oxidation Resistance It is well known that the formation of a dense oxide layer on the specimen surface is necessary to improve the oxidation resistance of alloys. The dense Al 2 O 3 layer is such an effective layer to work as a barrier for further oxidation, re- Table 4 . Chemical compositions of Ni-based superalloys used, upper in mol% and lower in mass%. sulting in good oxidation resistance. 14) In fact, as shown in Fig. 3(a) , dense and continuous Al 2 O 3 layer was formed on the surface of the A-1 alloy and improved the oxidation resistance. As shown in Fig. 9 , the existence of the Al 2 O 3 layer on the surface was confirmed by the X-ray diffraction. In case of the A-9 alloy, porous Al image was seen in the oxidized layer as shown in Fig. 3(b) . Re content is only the difference in the chemical composition between the A-1 and the A-9 alloys. Namely, A-1 is Re-free and A-9 contains 2 mol% (6.5 mass%) Re. So, the presence of 2 mol% Re is supposed to be responsible for producing porous Al 2 O 3 on the oxidized layer of the A-9 alloy. It is thought that Re makes Al 2 O 3 porous by the formation of volatile Re 2 O 7 . 13) In the other experimental alloys, the Al 2 O 3 layer became more porous with increasing Re content, indicating that the presence of Re in the alloy limits the formation of dense Al 2 O 3 layer on the surface. 13) The mass loss of the specimen after the cyclic oxidation test results from the spallation of oxide scale formed on the surface. Al, Ti, Cr and Ni are oxide-forming elements and the standard free energies of formation of their oxides (DG f°) at the test condition (1 373 K) are expressed as follows; 15) 2Ni +O 2 ϭ2NiO DG f°ϭ Ϫ250 kJ/g · mol, Ni-based alloy may promote the entire oxides to be spalled off. In Fig. 4(a) , the bright area of the SEM image of the A-1 alloy consisted mainly of dense NiO which was supposed to remain adhesive on the surface after the oxidation test. The dark area was composed either or some of Cr 2 O 3 , TiO 2 , Al 2 O 3 , depending on the spalling of some oxides. No dense NiO was seen in the dark area of SEM image, so NiO in these areas was supposed to be spalled out. The spalling of only a little NiO resulted in the minimum mass change of the A-1 alloy as shown in Fig. 2(a) . On the other hand, a little NiO was observed on the surface of the A-9 alloy, which means that a major part of the outermost NiO was spalled off, resulting in the exposure of the inner Cr 2 O 3 , TiO 2 and the innermost Al 2 O 3 ( Fig. 4(b) ) and thus the mass loss was large. Thus the adhesion of the protective oxide scales on the specimen surface was strong in the Re-free A-1 alloy but weak in the A-9 alloy.
In the Re containing alloys, Al 2 O 3 layer in the oxide products is not dense as is seen in Fig. 3(b) . This is probably because a volatile oxide, Re 2 O 7 is formed above 1 273 K 13) and it prevents the formation of the dense oxide on the alloy containing Re. This is a similar case of alloys containing Mo or W, each of which also forms a volatile oxide, such as MoO 3 and WO 3 .
Isothermal Oxidation
According to a spontaneous tendency of the oxide formation, 15) the first formed oxide on the alloy surface is Al 2 O 3 followed by TiO 2 , Cr 2 O 3 and NiO as explained before. On the analogy of the discussion in the preceding section, the spalling of the outermost NiO occurred slightly even in the isothermal oxidation and thus the inner TiO 2 and the innermost Al 2 O 3 was exposed to air in the small area where NiO was spalled off as is seen in the A-1 alloy shown in Fig.  5(a) . But in case of the A-9 alloy, as shown in Fig. 5(b) , only a trace of NiO was observed on the surface, namely, most of the entire outermost NiO was spalled off. Moreover, TiO 2 was also spalled out from the surface resulting in the exposure of the innermost Al 2 O 3 in some local areas. In fact, as shown in Fig. 10(b) , TiO 2 was not detectable on the outer surface of the A-9 alloy, in contrast to its observation in the A-1 alloy as shown in Fig. 10(a) . The presence of 2 mol% (6.5 mass%) Re in the alloy might produce some porosities into oxides by the formation of Re oxides such as volatile Re 2 O 7 13) mentioned in the previous section and such poor adhesion of the protective oxide scale promoted the spalling.
Conclusion
In order to make clear the Re effect on the high temperature oxidation of Ni-based superalloys, oxidation resistance was investigated using a series of experimental alloys, in which the Re content was varied systematically. The results are summarized as follows;
(1) Re is an element to deteriorate the oxidation resistance of Ni-based superalloys. The harmful effect of Re appeared clearly in the 10 mol% Al series alloys but did not in the 15 mol% Al series alloys.
(2) Alloys with the Re/Al ratio (mol%) up to 0.1 showed a very small mass change but alloys with the ratio greater than 0.1 exhibited a large mass change in the oxidation test at 1 373 K.
(3) The presence of Re in the alloy limits the formation of the dense Al 2 O 3 scale on the surface during oxidation, probably by the formation of volatile Re 2 O 7 in it.
